We experimentally demonstrate a linearized Y-fed directional coupler (DC) modulator based on an electro-optic (EO) polymer waveguide. The spurious free dynamic range of 119 dB=Hz 2=3 , which is 11 dB higher than that of the conventional Mach-Zehnder modulator, is achieved by introducing the reversed Δβ technique in the two-section Y-fed DC. The in-device EO coefficient (r 33 ) of the fabricated device is as high as 79 pm=V in 1:55 μm wavelength, which is 88% of a single film r 33 of LPD-80/APC
Introduction
The dynamic range of analog optical links is limited by the linearity of the system components such as amplifiers, detectors, and modulators. Various linearization schemes have been proposed to improve the linearity of the modulators. These include dual polarization [1] , dual parallel [2] , and electronic compensation [3, 4] schemes in Mach-Zehnder (MZ) modulators. However, these schemes require multiple modulators or complicated modulation synchronization, which hinders their practical implementation. Directional coupler (DC) modulators, on the other hand, can provide high linearity without such complicated structures or circuits. Even higher linearity can be achieved by introducing the reversed Δβ technique [5] [6] [7] [8] [9] , where Δβ is the propagation constant mismatch between the two coupled waveguides. In this paper, we demonstrate a linearized DC modulator based on an electro-optic (EO) polymer. The spurious free dynamic range (SFDR) of 119 dB=Hz 2=3 , which is 11 dB higher than that of the conventional MZ modulator, is achieved by employing the reversed Δβ technique in the two-section Y-fed directional coupler (YFDC) modulator. Also, a high in-device EO coefficient (r 33 ) of 79 pm=V is achieved by using LPD-80/amorphous polycarbonate (APC).
Principle of Operation
A schematic of the YFDC is shown in Fig. 1 . Unlike the conventional DC, one input waveguide branches into a pair of symmetric waveguides that are optically coupled with each other. Because of the symmetry, equal optical power with the same phase is launched into the coupled waveguides and, hence, the operating point is automatically set at the 3 dB point without bias voltage. Δβ reversal can be realized by applying voltages with opposite polarity to the two sections of electrode, as illustrated in Fig. 1(a) , which is the original proposal in [5] . The advantage of this configuration is that voltages applied to each section can be controlled independently, and, hence, the variation of the coupling coefficient caused by fabrication imperfections can be compensated for by simple electrical adjustment. However, the requirement for multiple rf sources makes this configuration incompatible with high-speed analog optical links. Alternatively, equivalent Δβ reversal can be realized by domaininversion poling of EO polymer, as shown in Fig. 1(b) . When EO polymer dipoles are poled in the opposite direction in the two sections of DC, Δβ reversal is induced by a single uniform traveling wave electrode [10] . The configuration in Fig. 1(c) is based on a lumped element electrode that alternately zigzags from one waveguide to the other. This configuration creates equivalent Δβ reversal without domain-inversion poling of EO polymer (pseudo domain inversion) but is limited to low-speed operation. The configuration in Fig. 1 (c) is adopted in this demonstration as a proof of concept to investigate the linearity enhancement by Δβ reversal. The configuration in Fig. 1(b) is currently under way for demonstration of high-speed linearized modulators.
Design and Fabrication
Suppression of the nonlinear distortions, specifically the third-order intermodulation distortions (IMD3s) in the scope of this paper, in the two-section YFDC modulator can be calculated as a function of the normalized interaction lengths (S 1 and S 2 in Fig. 1 ) of the two sections. Relative IMD3 suppression can be graphically compared by plotting the calculated IMD3 suppressions on the ðS 1 ; S 2 Þ plane. The procedure and results can be found in [7] .
is chosen for the test in this paper because it provides excellent linearity as well as a very large modulation depth.
An exploded schematic of the two-section YFDC modulator with pseudo domain inversion is shown in Fig. 2(a) . The physical parameters of the DC waveguides are calculated by R-Soft (BeamPROP). Given the refractive index and thickness of the cladding polymers (UV-15LV, 1.50 and 2:5 μm; UFC-170A, 1.49 and 2 μm) and the core EO polymer (LPD-80/APC, 1.70 and 2:2 μm), a pair of singlemode waveguides with 5 μm width and 0:52 μm trench separated by a 5 μm gap forms a DC as indicated in Fig. 2(a) with the coupling length of 3550 μm (not shown) at a 1:55 μm wavelength. The resulting total interaction length is about 2 cm.
Devices are fabricated by standard polymer processes including spin coating, UV curing, photolithography, and oxygen plasma reactive ion etching (RIE). The bottom cladding layer (UV-15LV) is spin coated on top of the ground electrode (aluminum). Waveguides are defined on the bottom cladding layer by photolithography and oxygen plasma RIE. The core EO polymer (LPD-80/APC with 50 wt:% loading) and the top cladding layer (UFC-170A) are spin coated on the patterned waveguides. Both UFC-170A and UV-15LV are cured by UV light under nitrogen purging. The cross-sectional scanning electron micrograph of the fabricated waveguides is shown in Fig. 2(b) . The core EO polymer is usually poled after the top cladding layer is spin coated. In this fabrication, the sequence is reversed, i.e., LPD-80/APC is poled by the contact poling technique (poling field, 100 V=μm; peak temperature, 130°C) before the top cladding layer is spin coated. It has been known that the high resistivity of the cladding polymers screens a significant part of the poling electric field seen by the core EO polymer and thus lowers the poling efficiency [11] . The decrease in poling efficiency often results in an in-device r 33 that is ∼30% of a standalone film [12] . Following the reversed sequence, the voltage drop across the top cladding polymer can be avoided and thus the increased poling electric field across the core EO polymer improves the poling efficiency. The driving electrode (gold) is patterned on the top cladding layer by photolithography and wet etching with precise alignment with waveguides. Finally, the fabricated devices are cleaved and polished for testing.
Measurement and Results
Fabricated devices are tested on a six-axis autoaligner system. Transverse magnetic (TM) field polarized light from a tunable laser is launched into the input waveguide by a polarization maintaining fiber. The modulated optical signals are collected by a single-mode fiber and converted to electrical signals by a photodetector with a built-in amplifier. With 10 mW of input optical power, the output optical power from one of the DC waveguides is measured to be 40 μW, which translates into the total insertion loss of ∼21 dB.
The transfer function of the linearized two-section YFDC modulator is shown in Fig. 3 . The device is overmodulated by 10 V pp at 1 kHz in the 1:55 μm wavelength, and the measured switching voltage is 6:1 V. The switching condition can be written in general as jΔβ · Lj ¼ pπ [13] , where Δβ is (n, effective index; r 33 , EO coefficient; Γ, overlap integral between optical mode and electric field; V, switching voltage; λ, operation wavelength; and d, electrode separation), L is the total interaction length, and p is a parameter dependent on the modulator type. For the two-section YFDC with S 1 ¼ S 2 ¼ 2:85, p is calculated to be 4.19 in [7] . Given n ¼ 1:68, Γ ¼ 0:85, λ ¼ 1:55 μm, and d ¼ 6:7 μm, the in-device r 33 is 79 pm=V, which is 88% of the single film r 33 [14] . This in-device poling efficiency is higher than that in our previous report [15] , where EO polymer (AJLS102/APC) was poled after the top cladding layer was spin coated, resulting in 56% of the single film r 33 .
A two-tone test is performed to analyze the linearity of the fabricated devices in the 1:55 μm wavelength. Two input signals (f 1 ¼ 19 and f 2 ¼ 21 kHz) generated by a multifunction synthesizer are mixed and applied to the devices, and the resulting output fundamentals and IMD3s (f 1 × 2 − f 2 ¼ 17 and f 2 × 2 − f 1 ¼ 23 kHz) are analyzed by a microwave spectrum analyzer. Measured fundamentals and IMD3s are plotted as a function of input powers, as shown in Fig. 4 . An important figure of merit in analog optical links is the SFDR, which is the ratio of the largest to smallest signal that can be transmitted and received in the links without introducing unacceptable distortions [8] . The SFDR can be graphically determined, as illustrated in Fig. 4 . Measured IMD3s are extrapolated to find the intercept point with the noise floor. The difference between the fundamental and IMD3 at the intercepted input power is the SFDR of the analyzed device. Considering the relative intensity noise of the distributed feedback laser and the shot noise of the photodiode, it is very difficult to achieve a noise floor below −145 dBm in real analog optical links [7] . However, laboratory test results are often presented assuming the noise floor at −160 dBm [16] . With the noise floor at −160 dBm, the SFDR of the linearized YFDC modulator is 119 dB=Hz 2=3 in Fig. 4(b) , which is 11 dB higher than that of the conventional MZ modulator in Fig. 4(a) . It should be noted that the measurement includes distortions from the amplifier as well as from the device.
Conclusion
A linearized EO polymer modulator is realized by introducing the reversed Δβ technique in the two-section YFDC. The SFDR of 119 dB=Hz 2=3 is achieved with an 11 dB enhancement over the conventional MZ modulator. The in-device r 33 of the EO polymer is also improved by simply modifying the fabrication procedure. 
